An international interlaboratory study was conducted to determine the performance of a group of laboratories from developing and developed countries. The study used a commercial microwell ELISA on unknown samples spiked with different levels of DDT. The study design was based on Youden pairs and balanced replicates. Two soils, differing in particle size distributions, organic matter content, and cation-exchange capacities and thought to be DDT-free, were spiked at 5 DDT levels between 0.025 and 2 mg/kg. Nineteen laboratories in 17 countries took part in the collaborative trial; of these, the majority were modestly equipped laboratories in developing countries. Samples were analyzed without filtration or cleanup and using standards of pure DDT in methanol. Data were analyzed for repeatability and reproducibility, and average recoveries at the spike levels were calculated. Mean real recoveries for both soils were similar (103% for soil A and 100% for soil B), with values between 0.1 and 2 mg/kg DDT. Precision estimates were best in the linear working range of the assay (0.1-0.5 mg/kg DDT), with reproducibility relative standard deviations (RSD R ) typically averaging about 38 and 46% near the upper and lower detection limits, respectively. Corresponding repeatability relative standard deviation (RSD r ) values were 20-36% and 36-57%. Thus, even though much of the trial was performed under developing country conditions, performance statistics were similar to other reported results obtained with ELISAs on small molecules of agricultural importance, such as mycotoxins and pesticide and antibiotic residues.
I mmunochemical methods have been developed for a wide range of agrochemicals, and although they are often of slightly lower precision and accuracy than instrumental methods (1), they have significantly lower establishment and per-sample costs as well as higher per-sample throughput. Between 1994 and 1998, the Joint Programme of the Food and Agriculture Organization of the United Nations (FAO) and the International Atomic Energy Agency (IAEA) undertook a coordinated research project to assist Member States to establish immunochemical methods for routine analysis of pesticides and thereby increase analytical capacity at moderate cost. Within this context, an interlaboratory study was established to assess the potential performance of a test for DDT in soils under developing country conditions.
DDT is an analyte of significance to developing countries because its presence in soil is still significant 10-20 years after all agricultural uses of DDT were banned in most countries (2, 3) . Many crops, particularly oil crops, can take up DDT from soil and it bioaccumulates in the food chain. Residues of DDT in meat from animals grazing on pastures on DDT-contaminated soil can still be significant, and DDT and DDE are also found in human milk in developed countries, with even higher levels found in developing countries (2, 4, 5) . Furthermore, the use of DDT continues in some developing countries for public health programs, such as the control of mosquitoes that transmit malaria. Other sources include inappropriate disposal or contamination of pesticide formulations (6) .
In 1997, the FAO/IAEA Training and Reference Centre for Food and Pesticide Control conducted a pre-trial on an ELISA assay for DDT plus DDE (7) designed at the Agency's Seibersdorf Laboratory (Austria). The results indicated the kit was useful as a screening assay (8) . Subsequently, this ELISA was commercialized by EnviroLogix, Inc. (Portland, ME). The kit was developed primarily as a screening test for classification of soils that may require remediation (9) . The EnviroLogix ELISA is a polyclonal antibody-based laboratory assay developed for the determination of residues of DDT and DDE. The assay uses a competitive ELISA format where the antibody is dried onto microwell plates and the free DDT or DDE in the test samples competes with an enzyme-labeled pesticide for antibody binding. Unbound enzyme-labeled pesticide is removed by a washing buffer, and the amount of bound enzyme-labeled pesticide is measured by adding a mixture of substrate-chromogen which produces a colored reaction product. DDT or DDE in the test sample is quantitated by comparing color development in the sample wells with that of wells containing standards. Less DDT or DDE in the test sample will result in more enzyme conjugate being bound, which leads to greater color development.
The present study aimed to test the performance of this method, particularly in the hands of participating laboratories from developing countries, by means of an interlaboratory comparison on unknown soil samples. Though the ELISA kit may sensitively detect several compounds of similar structure, p,p′-DDT was used as a model substance in our experiment. The specificity of detection was already reported (7).
Interlaboratory Study

Preparation of Samples
Two soils were used in this study for spiking. Soil A, from Krumbacher, Austria, was from virgin forest. Soil B, from Seibersdorf, Austria, was from farmland that had been continuously cropped for over 20 years. Analysis by gas chromatography and with the ELISA kit indicated that the soils contained less than 0.02 mg/kg DDT. Because one soil sample was from a virgin forest and the other one from an agricultural area where DDT was not used during the last 25 years, they were not subjected to further investigation. Soil properties are presented in Table 1 . The FAO/IAEA Seibersdorf laboratory prepared and dispatched soil samples to collaborators. Soils were air-dried overnight to reach constant weight at 80°C before spiking. The moisture content of the soils was not determined. Five grams (5.00 ± 0.01 g) of each soil was accurately weighed directly into a glass bottle with a Teflon liner and a screw cap. Stock spiking solutions (0.125, 0.5, 1.25, 2.5, and 10 mg/kg) of 4,4′p,p′,-DDT (Dr. Eherenstorfer, Augsburg, Germany) were prepared in methanol and 1 g of this solution added individually to 5 g soil. To increase precision, spiking standard solution was weighed to ±0.01 g. Bottles containing samples were left open for 2 h to evaporate the methanol. Individual spiking of samples was performed to ensure that each bottle contained the required amount of DDT, so that uncertainty deriving from homogenization could be neglected. Samples were mixed on a reciprocating tray shaker overnight and stored at room temperature before dispatch to participants.
Participants analyzed the soil samples 3-7 weeks after spiking. Nominal DDT concentrations of the soil samples were 0.025, 0.1, 0.25, 0.5, and 2 mg/kg.
Trial Design
Nineteen laboratories from 17 countries participated in the collaborative trial. Each participant was provided with a set of 16 soil samples, 8 of each soil type. For each soil type, 6 levels of analyte were studied (0, 0.025, 0.1, 0.25, 0.5, and 2 mg/kg); there were 2 Youden blind pairs representing 0.1 and 0.25 mg/kg DDT in each soil type.
Soil samples were randomized such that particular samples were analyzed in a different assay order by each participant. Two of the authors were also collaborators; in these cases, the identity of test samples was withheld from them until after the trial. After soil extraction, the participants were requested to analyze the soil extracts in 2 separate experiments 4-48 h apart. Extraction and assay temperatures varied from 16-32°C, because only some participants had air-conditioned laboratories.
Immunoassay for DDT
ELISA test kits were supplied by EnviroLogix, Inc., Portland, ME. The assay detects DDE and DDD as well as DDT, and uses the mono bis-2,2,(4-chlorophenyl)ethyl ester of butanedioate as the hapten for antiserum production in rabbits and a horseradish peroxidase conjugate of 4-[bis(4-chlorophenyl) acetylamino]butanoic acid as the tracer (7) . Each kit included: (1) 2 frames of microwell strips coated with rabbit anti-DDT/DDE antibody and dried; (2) Kits were shipped to individual laboratories by courier, with shipping times varying from 2 days to 32 days. Reagents were shipped at an initial temperature of 4°C although ambient temperature was reached after 48 h shipment.
Experimental
Protocol
Participants were requested to extract the soils in the bottles provided using 25 mL 90% methanol in water by shaking for 16-20 h; this solvent and extraction protocol have been shown earlier to extract efficiently DDT and DDE residues from soils (10) (11) (12) . Soil samples were allowed to settle for 30 min before testing. The extract solutions were assayed directly from the bottles, without filtration or cleanup. Six participants extracted the soil using an orbital shaker, 8 using a reciprocal shaker, and 3 using a wrist action shaker, in each case at 100 cycles/min. Two participants extracted the soils by brief intermittent hand-shaking. Before each assay, participants were required to reconstitute to 1 L the diluent and wash solutions and to dilute the enzyme conjugate 100× with diluent. They also had to dilute the DDT standard solution provided in the kits (2000 µg/L) to obtain 400, 200, 40, 20, and 4 µg/L calibration standards.
To start the assay, 120 µL diluent solution was added to each microwell, followed by 20 µL calibration standards, 90% methanol (zero pesticide controls), and soil extracts, respectively, to the corresponding wells. A plate layout was included in the bench protocol. After mixing gently by rotation of the plate for 10 s, 60 µL diluted enzyme conjugate was added to all wells, and the plate contents were mixed again. The wells were covered with plastic film and incubated at room temperature (which varied from 18-32°C in different laboratories) for 60 min. Well contents were then tipped out and wells were washed 5 times with wash solution by filling and emptying the plate. Substrate-chromogen mixture (100 µL/well) was then added and incubated for 30 min. Color development was stopped by adding 100 µL/well of 1M HCl. Absorbances were read with microplate readers at 450 nm. Participants were asked to analyze 2 plates and to assay the standards and samples in triplicate on each plate.
In all cases, all sample data were converted to % B/B o (defined as the absorbance observed for a standard or a sample divided by the absorbance at zero pesticide control), and the results were calculated with respect to the DDT standard curve performed on the first plate. This extra step was performed because some of the participants deviated from the protocol instructions and did not perform a DDT standard curve on the second plate. The results were derived as follows: (1) The DDT standard curve from plate 1 was calculated as % B/B o ; (2) DDT sample data from plate 2 was calculated as % B/B o , using zero pesticide control on plate 2 as 100% B/B o ; (3) the data from plate 2 were fitted to the DDT standard curve from plate 1. This can be done because the % B/B o values are usually very similar in an optimized assay, even on different plates (13) . The absorbance values (OD), however, can be much more variable, as incubation time or temperature variation can lead to different OD. Tables 2-4 .
Results and Discussion
The participating laboratories had previously taken part in a separate pretrial and were, therefore, familar with the assay. Two participating laboratories provided inadmissible data. In one case, no color was produced in the ELISA. This could either be due to incorrect dilution of the enzyme conjugate, or reagent deterioration because the kit was held in customs for several weeks at 30-35°C. However, some kits from other participants, which had been held for similar periods and temperatures, had performed well. In the other case, the extraction procedure was not properly followed. Only 12 of the 19 participating laboratories ran the trial twice as requested.
Performance of Blanks (Zero-Pesticide Controls)
Two blanks (90% methanol) were also assayed on each plate, at the top and bottom of 3 strips. The average ratio of the bottom to top control OD was not significantly different from unity (0.96 ± 0.05), indicating that slow loading of the plates (several participants lacked multichannel pipettes) was unlikely to be a source of imprecision. The absorbance readings (OD) for the blanks (90% methanol) ranged from 0.5 to 1.9 absorbance units. Factors that may explain the high variability in assay color may include: (1) method of blank subtraction (air blanks versus microwells containing all reagents except for enzyme conjugate); (2) type of microplate reader and wavelength used (whether 450 nm or OD 450-630 nm were used); (3) kit transport storage conditions (some kits were kept up to 4 weeks at ambient tropical or summer temperatures); (4) assay temperature (varied from 18-35°C); (5) other assay techniques such as variation in washing procedures; (6) water quality used in buffers. Only one participant failed to obtain an acceptable standard curve (OD max < 0.5) despite the fact that kits took up to 4 weeks to reach the collab- orators and most participants were in tropical countries or in temperate countries during the summer months.
Analysis of Pesticide Standards
There are 3 approaches that have been used to prepare standard curves for immunoassays (14) :
(a) Linearly joining the points produced by the assay standards, when plotted on logarithmic (pesticide concentration)-linear (OD) graph paper.-This requires the standards to be well placed across the concentration-inhibition range to take into account the change in the curve profile at inflections. We chose the first approach for several reasons. First, most of the collaborators did not have access to immunoassay curve-fitting software. Second, construction of a standard curve by linear joining of the points cannot be subject to operator bias, unlike the other methods. Third, it was also suitable for the full range of pesticide standard concentrations used in this trial. Because all samples used a 25 mL solvent/5 g soil (i.e., 5 mL/g) extraction ratio, the DDT standards were expressed as the corresponding concentration in soil (i.e., corresponding to 0, 0.02, 0.1, 0.2, 1, 2, 10 mg/kg in soil) and the apparent DDT contents of the soil samples could be determined directly from the standard curve graph. Despite the variation in raw ODs and the factors that could have potentially affected assay performance, such as assay temperature, kit shipping conditions, and plate readers used, the standard curves (when calculated as % B/B o ) were highly consistent, with a coefficient of variation for the combined data up to 0.2 mg/kg calibration standard of less than 11% ( Figure 1A) . The precision of the standard curve was greatest near the center of the standard curve (50 % B/Bo), in agreement with other reports (15) . This implies that if more accurate quantitation is required, appropriate dilution of the sample extract should be performed to enable it to lie on the center linear portion of the curve. In this case, the sample concentration is calculated by multiplying results by the appropriate dilution factor. The 50% B/B o (IC 50 ) values fell in the range of 0.018-0.040 mg/kg DDT, equivalent to 0.09-0.2 mg/kg DDT in soil. The precision of this value was quite high, with an IC 50 mean equivalent to 0.15 mg/kg DDT in soil (95% confidence limits of 0.14-0.16 mg/kg DDT in soil).
Analyses of Soil Samples: False Positives and Negatives
Twelve laboratories performed 2 sets of analyses while five laboratories only performed a single analysis of the soil samples. Sample results were recorded as "not detectable" (ND) if the % B o was greater than that provided by the lowest concentration standard, namely 0.02 mg/kg DDT in soil, which gave a mean of 81% B o ( Figure 1B) . In the first analysis performed by each laboratory, 13 out of 17 laboratories did not detect DDT in the untreated soils. Four laboratories reported 0.02-0.03 mg/kg DDT for one or both of the untreated soil samples. In the second assay, 4 and 2 laboratories reported 0.02-0.03 mg/kg total DDT residues in untreated soils A and B, respectively. Their results are shown in Table 5 . Their results and the very high recoveries (176 and 168%) at 0.025 mg/kg fortification level (Table 6 ), suggested the possibility of DDT residues in the untreated (blank) samples. Therefore, the samples were reexamined with a more sensitive method and the identity of residues were confirmed with GC/MS. The results (mg/kg) obtained and the corresponding total DDT "ELISA equivalent," which was obtained by correcting the metabolite concentrations measured with their cross reactivities (p,p¢,-DDT, 100%; p,p¢-DDE, 60%; p,p¢-DDD, 600%, o,p¢-DDT, 0.5-1.0%) were as follows: (1 Taking into account the concentration of ΣDDT (C ΣDDT ) in the soil samples, the real recoveries (R real ) of residues were calculated as:
where C measured is the measured and C spiked is the added concentration of DDT. The apparent recoveries and the real recoveries are presented in Table 6 .
Based on the reanalysis of the soils and the acceptable range of real recoveries, it can be concluded that some of the laboratories could achieve lower Limit of Quantitation (LOQ) than the others, and their results were not falsely positive.
False-negative results were less common. In the first assay, one laboratory reported "not detectable" (ND) for soil A spiked with 0.025 mg/kg DDT, while in the second assay, 2 ND results were reported for each of soil A and B spiked with 0.025 mg/kg. This level of DDT corresponded to 79 ± 6% B o on the participants standard curve, and the false-positive and false-negative results suggest that reliable detection of DDT may require slightly greater concentrations, for example, 0.04-0.05 mg/kg in soil. All collaborators detected DDT in samples containing ≥0.1 mg/kg residues.
Precision of Sample Analyses
Sample precision data are presented in Tables 2-4 Table 2) . The imprecision at 0.025 and 2 mg/kg is not unexpected. For example, on the standard curve, DDT concentrations corresponding to 1 mg/kg in soil gave 24 ± 5% B o , while 10 mg/kg gave 11 ± 4% B o . If a particular participant's assay had a maximal (100% B o ) OD of 0.7, a 10-fold range in analyte in this region of the standard curve corresponds to an OD difference of only 0.1. The corresponding (between-laboratory) reproducibility relative standard deviation (RSD R ) values were slightly poorer than the repeatability values, ranging from 32 to 42% for soil A and from 36 to 57% for soil B (Table 3) . RSD R values were poor for the 0.025 and 2 mg/kg samples (42 and 37% for soil A, 57 and 47% for soil B).
Accuracy of Sample Analyses
The real recoveries indicating the accuracy of the procedure (Table 6 ) were acceptable at all fortification levels except in the case of soil B at 0.025 mg/kg spiking level. The low recovery may be attributed to the inevitable uncertainty of the ΣDDT concentration which is derived from 3 independently detected analytes and cross reactivity factors. The results confirm the appropriateness of the relatively simple extraction technique applied, for at least these soil types.
Discussion
There have been a number of reported collaborative studies on ELISAs for small molecule contaminants of agricultural produce or on environmental samples, including agrochemicals such as triazine herbicides (16) (17) (18) , different mycotoxins (19) (20) (21) (22) (23) (24) , and antibiotics such as sulfamethoxazole (25) . However, a common characteristic of each of these trials, and indeed the vast majority of trials of analytical methods reported in J. AOAC Int., is that the method assessment was performed under closely controlled laboratory conditions in North America or Europe. Because ELISA kits contain biologicals such as antibodies and enzymes, usually in liquid form, kits normally are promptly delivered to trial participants and under refrigerated conditions. Even though commercial couriers were used, and customs officials and recipients were notified of shipping details, this did not prove possible in the present study. The time between shipping and receipt was highly variable (1-32 days; mean 16 days, standard deviation of 11 days). Participants recorded the average daytime ambient temperatures between shipping and receipt; this was very high (30 ± 5°C), because with the exception of the Australian laboratory, the participants were either located in tropical countries or located in Northern hemisphere temperate countries, and received the kits in July or August. Use of a temperature data logger with 2 of the kits showed that the kits reached ambient temperature in about 48 h, so it is likely that in all but a small number of cases, the reagents spent 1-4 weeks at high temperatures.
From this study, it is possible to conclude that the assays performed very well, especially considering the delays in the receipt of the reagents and the relatively basic facilities of some of the participants. Fourteen of the 19 participating laboratories were from developing countries. There was a trend for the data from developed countries to show slightly higher precision, but there were insufficient laboratories to perform separate statistical analyses. Among some of the factors especially relevant to the developing country laboratories were high ambient temperatures, a wide variation in equipment used, water of variable quality, and language differences. Some participants did not have multichannel pipettes, which significantly slowed the loading of microwells in the test. With instructions being provided only in English, it is important to note that English was the second or third language of many participants. The performance of the laboratories requires some comments. The participating laboratories had previously taken part in a pretrial test and were, therefore, instructed how to perform the DDT assay. The main objective of the pretrial (8) was to start a mechanism devoted to setting up a quality assurance program for participating laboratories, while promoting standardized assays and ensuring the credibility of data generated with ELISA. The outcome of the present study was that participants were more aware of assuring and controlling the conditions of the test, but still they had difficulties to set all measures in place. Weak areas included calibration of equipment, pipetting errors, control of temperatures and time, calculation errors, and training of the staff. The acceptable recoveries obtained (Table 6 ) indicate accuracy of the extraction method and the immunoassay. There was better precision for soil A than for soil B, although the soil type did not affect average recoveries. The soil extractions were conducted after only 3-7 weeks from spiking, and the effect of soil type may have been more noticeable after "aging" of the residues.
All laboratories had completed a single pretrial of this assay, but only 3 out of 19 laboratories had run this assay on other occasions. In general, the training of the staff played an important role because only 7 laboratories were using immunoassays for routine analysis. This study showed that while ELISA methods may require less training than instrumental techniques, adequate training of the staff performing the assay is important nonetheless. The repeatability within the laboratories that ran 2 plates was within a range that has been observed for other, non-ELISA studies (26) , and for all but 3 samples (soil A, 2 mg/kg; soil B, 0.5 and 2 mg/kg) the reproducibility between the laboratories had an acceptable Horwitz ratio or HORRAT (i.e., less than 2). The Horwitz ratio is defined as the experimentally found RSD R divided by the RSD specified by the Horwitz formula, although the proponents of the HORRAT indicate that use of this parameter is most appropriate in large-scale trials with more than 30 collaborators (27) . The Horwitz formula provides expected RSDs for reproducibility based on the concentration value of the analyte in the test sample, being derived from the empirical finding that concentration is the primary factor affecting RSD R and it is relatively independent of analyte, matrix, method, and the age of a collaborative study (28) . The values for the RSD r and RSD R (Tables 2, 3) for the 3 spikes nearer the center of the standard curve were similar to those obtained in evaluation of other ELISA studies (18, 21, 24) . The somewhat lower precision at high analyte levels (2 mg/kg) emphasizes a fundamental difference between ELISA and most other analytical methods, namely that precision and accuracy can decrease in ELISA at high as well as low analyte levels. ELISA methods can be inherently less precise than many instrumental methods (1), because the response (OD) is typically related logarithmically rather than linearly to analyte concentration. Nonetheless, the utility of the method (less or no sample cleanup, high sample throughput, lower cost of analysis) means that the method has a definite niche in developed countries. For example, the slightly lower precision is often more than compensated for by the ability to test more samples, especially where the analyte is unevenly distributed within the sample matrix. Encouragingly, the trial results indicated that the ELISA data did not suffer a major decrease in precision or accuracy when performed in a trial that predominantly involved laboratories with limited facilities. This immunoassay proved to be a valuable tool in the screening of soil samples and it offers the advantages over chromatographic methods of being easier to perform, faster, and needing less expensive equipment. However, laboratories have to make sure that they have the adequate training for performing the assay, that they respect good laboratory practices while setting in place quality assurance measures, and that they strictly follow the method protocol.
